linked flanking markers, MET and D7SM, has made it possible to use various novel gene cloning strategies to pinpoint the CF gene. These methods include chromosome jumping from the flanking markers (6), cloning of DNA fragments from a defined physical region with the use of pulsed field gel electrophoresis (7), a combination of somatic cell hybrid and molecular cloning techniques designed to isolate DNA fragments from undermethylated CpG islands near CF (8), chromosome microdissection and cloning (9) , and saturation cloning of a large number of DNA markers from the 7q31 region (10).
The saturation mapping approach, by systematic examination of DNA markers from a flow-sorted genomic DNA library specific to chromosome 7, allowed the identification of two additional DNA markers (D7S122 and D7S340) closely linked to CF (10). Genetic and physical mapping studies indicated the order of the four markers to be MET-D7S340-D7S122-D7S8, with distance intervals of 500, 10, and 980 kilobase (kb) pairs, respectively (11). This distance estimate for the MET-D7S8 interval agrees well with the data from previous genetic (4, 5, 10) and physical mapping (12) studies.
Chromosome walking and jumping. As the genetic data indicated that D7S122 and D7S340 were probably in close proximity to CF, and the physical map of the region was well defined, the next logical step was to clone a large amount of the surrounding DNA and search for candidate gene sequences. In addition to conventional chromosome walking methods, the chromosome jumping technique was used to accelerate the process, as a new bidirectional walk could be initiated from the end point of each jump. Furthermore, sequential walks halted by "unclonable" regions often encountered in the mammalian genome could be circumvented by chromosome jumping (see below). Parallel chromosome jumping experiments were also performed from D7S8 toward D7S122 and D7S340 to narrow the region of interest (13) .
Ten genomic libraries were constructed during the course of our experiments (14) . The contiguous chromosome region covered by chromosome walking and jumping was about 280 kb (Fig. I) . This effort involved the isolation and characterization of 49 recombinant phage and cosmid clones and nine jumping clones. The ability to bias the direction of jumps by careful choice of probes (6) proved to be a useful feature of the strategy.
A restriction map of the cloned human DNA segments derived from chromosome walking and jumping was constructed (Fig. 1) . As the two independently isolated DNA markers, D7S122 (pHl31) and D7S340 (TM58), were only -10 kb apart (Fig. 1) , the walks and jumps were essentially initiated from a single point. The direction of walking and jumping with respect to MET and D7S8 was then established with the crossing of several rare-cutting restriction endonuclease recognition sites, such as those for Xho I, Nru I, and Not I (Fig. 1) , and with reference to the long-range physical map (11, 12) . The pulsed field mapping data also revealed that the Not I site identified in our study (see Fig. 1 , position 113 kb) corresponded to the one previously found associated with the int-related protein (IRP) locus (IRP) (8) . As subsequent genetic studies showed that CF was most likely located between IRP and D7S8 (15, 16), our walking and jumping effort, as described below, was directed exclusively toward cloning of this interval.
Three regions in the 280-kb segment were not readily recoverable in the amplified genomic libraries initially used (14) . These less clonable regions were located near the DNA segments H2.3A and X.6 and just beyond cosmid cW44, at positions 75 to 100 kb, 205 to 225 kb, and 275 to 285 kb, respectively (Fig. 1) . The recombinant clones near H2.3A were unstable, and underwent dramatic rearrangements after only a few passages of bacterial culture. To fill in the resulting gaps, we constructed primary walking libraries with special host-vector systems that allow propagation of unstable sequences (14, 17) . Although the region near cosmid cW44 has not yet been recovered, the region near X.6 was successfully rescued with these libraries. Mammalian DNA segments with unusual secondary structure or repetitive elements are unstable in bacterial cells (17) , but the nature of the less clonable sequences encountered in our study remain to be determined. It is of interest that potential recombination hot spots have been identified near H2.3A and the end of cW44 (16) .
Alignment of doned regions with genomic DNA. Together with the genomic DNA sequences isolated with the overlapping cDNA clones described by Riordan et al. (18) , the entire region cloned in our study extended >500 kb. To ensure that the DNA segments isolated by the chromosome walking and jumping procedures were colinear with the genomic sequence, we examined each segment by (i) hybridization analysis with human-rodent somatic hybrid cell lines to confirm localization on chromosome 7 (10, 19); (ii) pulsed field gel electrophoresis; and (iii) comparison of the restriction map of the cloned DNA to that of the genomic DNA. Accordingly, single copy human DNA sequences were isolated from each recombinant phage and cosmid clone and were used as probes in each of these hybridization analyses (20, 21) .
Although most phage and cosmid isolates represented correct walk and jump clones, a few resulted from cloning artifacts or crosshybridizing sequences from other regions in the human genome, or from the hamster genome in cases where the libraries were derived from a human-hamster hybrid cell line. Confirmation of correct localization was particularly important for clones isolated by chromosome jumping. Because this cloning strategy requires the ligation of the two ends of a large genomic segment (6), tandem ligations of unrelated molecules can give rise to anomalous jumping clones. One of the jump clones was not located on chromosome 7 and was discarded.
Further confirmation of the overall physical map of the overlapping clones was obtained by long-range restriction mapping with the use of pulsed field gel electrophoresis (11, 12). A preliminary long-range map of this region describing D7S122 and D7S340 was previously published (11) . The more recent walk-jump clones and cDNA clones corresponding to the CF locus generated a more extensive pulsed field restriction map, which was in complete concordance with that derived from chromosome walking (Fig. 2) . Many of the recognition sites for rare-cutting restriction enzymes in this region, such as Not I and Bss HII, were resistant to digestion in I060 the human-rodent cell hybrid (19), presumably due to DNA methylation. These sites were less resistant to digestion, however, in other human cell lines (Fig. 2) .
The result of the long-range restriction mapping study showed that the entire CF locus was contained on a 380-kb Sal I fragment (Fig. 2) . Alignment of the restriction sites derived from pulsed field gel analysis to those identified in the partially overlapping genomic DNA clones revealed that the size of the CF locus was about -250 kb.
The most informative restriction enzyme that served to align the map of the cloned DNA fragments and the long-range restriction map was Xho I; all of the nine Xho I sites identified with the recombinant DNA clones appeared to be susceptible to at least partial cleavage in genomic DNA (compare maps in Figs. 1 and 2) . Fig. 4A) . When this fragment was used to screen a human fibroblast and a human lung cDNA library, three independent clones were isolated (25). The overlapping cDNA clones spanned a length of 1.8 kb, and nucleotide sequence analysis revealed a potential open reading frame corresponding to the 3' end of a coding region. Alignment of the cDNA sequence with that of the genomic DNA showed perfect sequence identity as well as exonintron structures. Because this gene could not be the CF gene on the basis of genetic data (16), characterization studies were not continued.
Region 2 was identified by the cosmid clone CF14, which revealed strong cross-species hybridization signals in mouse, chicken, and bovine DNA (Fig. 3A) . Restriction mapping of the genomic DNA showed that part of this region corresponded to the previously reported IRP Fig. 1) . As family studies indicated that CF maps to the D7S8 side of IRP (15, 16), chromosome walking and jumping experiments were continued in this direction.
The first region that revealed a transcript at a location on the D7S8 side of the IRP gene was identified by the probe CF16 (Fig.  1, positions 135 to 140) . This probe detected RNA transcripts of different sizes in various tissues; a 2-kb species was observed in tracheal epithelium and pancreas, a less abundant 4-kb mRNA was seen in the brain, and a 9-kb transcript was observed in the liver (Fig. 4) . When this probe was used to screen cDNA libraries made from human lung and cultured epithelial cells from sweat glands, more than ten clones were isolated. Restriction enzyme analyses of a subset of these cDNA clones revealed significant differences. Nucleotide sequence analyses of representative cDNA clones and the genomic DNA revealed that they shared a high degree (more than 85 percent) of sequence similarity but that none of the cDNA clones showed perfect identity with the genomic DNA sequence. Furthermore, neither the genomic DNA nor any of the cDNA clones contained an open reading frame. Screening a sequence databank (GenBank) showed that these clones share remarkable sequence similarity with a region in the P-globin locus (between e and G_), suggesting that these sequences correspond to a transcribed repetitive DNA family that is distinct from the LINE-1 (long interspersed element) sequence (27) . In the absence of useful cytogenetic landmarks to pinpoint CF, a systematic search of gene sequences within the entire region suggested by genetic data was required. Cloning from pulsed field gels and isolation of undermethylated CpG-rich regions (7, 8) served to identify further regions of interest, but cloning of a large contiguous stretch of DNA, as described in this article, allowed a more thorough examination of the region for candidate gene sequences. In this regard, the combination of chromosome walking and jumping appeared to be a highly productive strategy in covering the CF region. The jumping technique was particularly useful in bypassing "unclonable" regions, which are estimated to constitute 5 percent of the human genome (17) . An alternative to this strategy would be the use of yeast artificial chromosome (YAC) vectors which allow cloning of large DNA fragments in the size ranges of 100 to 1000 kb (32); however, the construction of sublibraries with phage or cosmid vectors will probably still be required in order to generate a complete restriction map and identify candidate gene sequences from the YAC clones.
The challenge of identifying all gene sequences in a large DNA segment was also formidable, as no single method was guaranteed to succeed. In view of the experience described above, it would be advisable to attempt a combination of all available methods. Searching for sequence conservation by cross-hybridization is rapid, and the ability to use entire phage or cosmid clones represents a substantial simplification of the screening procedure. However, not all large segments of human DNA could be used in this way; simple repetitive sequences (for example, CA repeats) that are highly abundant in other animal species (33) can interfere with hybridization analysis. The evolutionary conservation of the E4.3 and HL.6 fragments, for example, was only apparent when these segments were isolated away from neighboring repeats.
The ultimate task in this type of "reverse genetics" approach (34) is to prove the identity of a candidate gene as, by definition, the basic biochemical defect of the disease is unknown. Appropriate tissue distribution and predicted properties of the gene product 1064.
provide strong supporting evidence; these criteria have now been met for the CF gene, as detailed in the accompanying paper by Riordan et al. (18) . The identification of a specific mutation which is found in affected individuals but never appears in normal chromosomes is much more compelling, and this evidence is presented for CF by Kerem In summary, the application of genetic and molecular cloning strategies has allowed the cloning of the cystic fibrosis locus on the basis of its chromosomal location, even without the benefit of genomic rearrangements to point the way. Further improvements in "reverse genetics" technology should facilitate the identification of many more genetic loci of biological and medical importance. procedures (20, 21) . For each walk step, the identity of the cloned DNA fragment was determined by hybridization with a somatic cell hybrid panel to confirm its chromosomal location, and by restriction mapping and DNA gel-blot analysis to confirm its colinearity with the genome. The chromosome jumping library has been described (6). The original library was prepared from a preparative pulsed field gel and was intended to contain partial Eco RI fragments of 70 to 130 kb; subsequent experience with this library (including that reported here) indicates that smaller fragments are also represented, and jumps of 25 to 110 kb have been found. The library was plated on sup-host MC1061 and screened by standard techniques
